Abstract Leukotrienes are inflammatory mediators involved in several diseases. The enzyme 5-lipoxygenase initiates the synthesis of leukotrienes from arachidonic acid. Little structural information is available regarding 5-lipoxygenase. In this study, we found that the primary structure of the catalytic domain of human 5-lipoxygenase is similar to that of the rabbit 15-lipoxygenase. This similarity allowed the development of a theoretical model of the tertiary structure of the 5-lipoxygenase catalytic domain, using the resolved structure of rabbit 15-lipoxygenase as a template. This model was used in conjunction with primary and secondary structural information to investigate putative nucleotide binding sites, a MAPKAP kinase 2 phosphorylation site, and a Src homology 3 binding site on the 5-lipoxygenase protein, further. Results indicate that the putative nucleotide binding sites are spatially distinct, with one on the β-barrel domain and the other(s) on the catalytic domain. The MAPKAP kinase 2 phosphorylation site involves a four amino acid insertion in mammalian 5-lipoxygenases that significantly alters molecular structure. This target for post-translational modification is both common and unique to 5-lipoxygenases. The Src homology 3 binding site, found in all lipoxygenases, appears to lack the characteristic lefthanded type II helix structure of known Src homology 3 binding sites. These results, which highlight the unique nature of the MAPKAP kinase site, underscore the utility of structural information in the analysis of protein function. Electronic supplementary material to this paper can be obtained by using the Springer LINK server located at http://dx
Introduction
Leukotrienes are lipid mediators with important roles in normal host defense and inflammatory response [1, 2] . However, leukotriene overproduction contributes to a variety of diseases, including asthma [3, 4] , allergic hyperresponsiveness [5] , ulcerative colitis [6] , psoriasis, [7] rheumatoid arthritis, [8] and ischemic reperfusion injury [9] . Understanding the regulation of overproduction of leukotrienes should help elucidate the pathways of pathogenesis for these diseases.
The enzyme 5-lipoxygenase (5-LO) plays the crucial role of catalyzing the rate-limiting first two steps in the synthesis of leukotrienes from arachidonic acid. As a result, there has been substantial interest in understanding the mode of action of this key protein. It is well established that nucleotides act as cofactors to stimulate 5-LO activity [10] and a recent study has identified potential binding sites for nucleotides on the 5-LO molecule [11] . A Src homology 3 (SH3) binding domain has been identified on 5-LO and shown to affect translocation [12] . Also, recent studies have shown that 5-LO can be phosphorylated by MAPKAP kinase 2, that phosphorylation affects activity, and that 5-LO has a site that resembles MAPKAP kinase 2 sites on other enzymes [13] . Information regarding each of these sites, the nucleotide binding site(s), the SH3 binding domain, and the MAPKAP kinase 2 phosphorylation site, is limited to the primary amino acid sequence.
For all proteins, function depends on structure. The crystal structure of 5-LO has yet to be elucidated. the structure of the rabbit reticulocyte 15-LO with those of the soybean LOX-1 and LOX-3 found that both mammalian and plant LOs are composed of two parts, an amino-terminal β-barrel domain and a carboxy-terminal domain composed predominantly of α-helices. Recent studies have demonstrated that the β-barrel region is a site for calcium binding [19, 20] and mediates membrane association [21] . The carboxy-terminal domain contains the iron that is essential for lipoxygenase activity and thus is the catalytic domain. Previous studies have identified residues in the catalytic domain that are essential for iron binding [22, 23] , substrate positioning [14] and nuclear import [24, 25] . Again, information regarding these residues is largely limited to the primary amino acid sequence.
The absence of a 3-dimensional model for 5-LO has prevented insights into structural contributions to enzymatic function. Computer algorithms have been developed to investigate protein structure, although the results of applying these methods to 5-LO have not been published. In this study, we compared the catalytic domain of human 5-LO with those of rabbit reticulocyte 15-LO and soybean LOX-1. Preliminary analysis indicated a higher level of sequence similarity between the catalytic domains of 5-LO and rabbit 15-LO than for the corresponding β-barrel regions. As a result, our analysis focussed on the catalytic domain of 5-LO. The published structure of rabbit 15-LO was used as a template to generate a theoretical model of the catalytic domain of human 5-LO. This structural model was then used to reevaluate previously described sites, including the nucleotide binding site(s), the MAPKAP kinase 3 phosphorylation site, and the SH3 binding domain.
Materials and methods

Materials
Amino acid sequences were obtained from Swiss-Prot from the ExPASy (Expert Protein Analysis System) proteomics server of the Swiss Institute of Bioinformatics. Primary accession numbers for proteins are: for 5-LOs, human P09917, mouse P48999, rat P12527, hamster P51399; for 15-LOs, rabbit P12530, human P16050; for 12-LOs, bovine P27479, pig P16469, rat Q02759, mouse leukocyte P39654, mouse platelet P18054; for soybeans, LOX1 P08170, LOX3 P09186.
Alignment of protein sequences was performed using CLUSTALW [26] , set for accurate method, Gonnet Matrix, gap open penalty at 10, gap extension penalty at 0.1 (pairwise) and 0.2 (multiple). The Gonnet Matrix was used because it gave the highest overall alignment score; alignments obtained using either Pam or Blosum are presented in the Supplemental Material.
Modeling by homology was performed by SWISS-MODEL 3.5 (http://www.expasy.ch/swissmod/SWISS-MODEL.html). Residues 121-673 from the human 5-LO protein sequence were submitted. If submitted without a suggested template, rabbit reticulocyte 15-LO (1LOX.pdb) was chosen by the Alignmaster program. Identical models were generated when 1LOX.pdb was specified as template during sequence submission. Analysis of the generated model for the catalytic domain of 5-LO was examined by the WHATIF program version 19970813-1517 [27, 28] .
Results
Primary structure
As noted above, LO proteins are known to be composed of an N-terminal β-barrel domain and a C-terminal catalytic domain [14, 15, 16, 18, 29] . In mammals, the β-barrel region consists of ~110-120 amino acids and there is a random coil of ~10 amino acids between the β-barrel and catalytic domains. For this reason, D121 was arbitrarily chosen as the beginning of the catalytic domain for human 5-LO. This sequence from 5-LO was aligned with the full length sequences of rabbit 15-LO and soy LOX-1 using CLUSTALW.
[26] By this approach, D121 from 5-LO is appropriately aligned with G118 from 15-LO, a residue between the last sheet of the β-barrel domain and the first helix of the catalytic domain (Fig. 1a) . However, this approach aligns 5-LO D121 with G235 from soy LOX-1, which omits ~85 residues from the start of the LOX-1 catalytic domain. As a second approach to alignment, CLUSTALW was used to align the known catalytic domains of 15-LO and LOX-1 with amino acids 121-673 of 5-LO. This approach aligned 5-LO D121 with soy LOX-1 E163, a residue appropriately just beyond the last sheet of the soy β-barrel region. This alignment resulted in 3 gaps of 19-32 amino acids in the first 100 bases of both 5-LO and 15-LO, indicating substantial differences in the catalytic domains of the mammalian LOXs and the plant LOX (Fig. 1a) . CLUSTALW comparison of just the mammalian LOXs (5-LO and 15-LO) gave a much higher sequence similarity, with 40% identity, 63% positive and 0.36% gapped (Fig. 1b) . A more thorough CLUSTALW comparison of catalytic domain sequences from human, mouse, rat and hamster 5-LO with 15-LO from rabbit and human as well as 12-LO from human, bovine, pig, rat and mouse platelet, leukocyte and epidermal indicated that most of the gaps were common and unique to the 5-LOs (data not shown). That is, in all of the 5-LOs, there are identical insertions at or near residues 200, 265, 300, 465 and 580 and a gap at or near residue 328.
Theoretical model
The high similarity between the catalytic domains of human 5-LO and rabbit 15-LO indicated that the 15-LO might be a good template for modeling the catalytic domain of 5-LO by homology. SwissModel 3.5 [30, 31, 32] was used to generate the model, using the resolved structure for [14] Fig. 2a) as a template. As expected, the modeled catalytic domain of 5-LO (Fig. 2b) superficially resembled the catalytic domain of 15-LO. The predicted protein was analyzed using the WHATIF program version 19970813-1517 [27, 28] and the results are summarized in Table 1 . Z-scores presented by WHATIF are the number of standard deviations that the score deviates from the expected value; positive structure z-scores are better than average, while RMS
